AD  75 1907 


AIR  FORCE  REPORT  NO. 

SANSO*TR-72-242 


AEROSPACE  REPORT  NO. 

TR-0073  (3542*02)-! 


Explosive-Driven  EMP  Generator 


Prepared  by  K.  M.  SOO  HOO 
Plasma  Research  Laboratory 


72  NOV  15 


Laboratory  Operations 
THE  AEROSPACE  CORPORATION 


Prepared  for  SPACE  AND  MISSILE  SYSTEMS  ORGANIZATION 
AIR  FORCE  SYSTEMS  COMMAND 
LOS  ANGELES  AIR  FORCE  STATION 
Los  Angeles,  California 


'  *  i  h  » 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 


APPROVED  FOR  PUBLIC  RELEASE. 
DISTRIBUTION  UNLIMITED 


[  AesrssiM  w 


\r~—~~ 

(iT(i  wrfi*  fctfoa 

D  u  Bi.'f  Stclk*  □ 

wit  .rra  □ 

j:R-.lr.GiflM  . . 


£Y 

:i. 


rooi/mujputt  Mia 

t  it  ,1.  »L_/>r  St_wCI*L_ 


ft 


LABORATORY  O  PI  RATIO  NS 

[  Hi*  Uboritory  OpiMtioM  of  The  Aeroepftee  Corporation  U  conRacting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
iPflSailM  of  scientific  advances  to  now  military  concepts  and  systems.  Ver¬ 
satility  and  flexibility  have  bean  developed  to  a  high  degree  by  the  laboratory 
pereot_iel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devrt  • 
opments  ie  vital  to  the  accomplishment  of  tasks  related  to  these  problems:.  The 
laboratories  that  contribute  to  this  research  are: 

Aerodynamics  and  Propulsion  Research  Laboratory:  Launch  and  reentry 
aerodynamics,  heat  transfer,  reentry  physics,  propulsion,  high -temperature 
chemistry  and  chemical  kiMtice,  structural  mechanics,  flight  dynamics,  atmo¬ 
spheric  pollution,  and  high -power  gas  lasers. 


Electronics  Research  Laboratory:  Generation,  transmission,  detection, 
and  processing  of  electromagnetic  radiatinn  in  the  terrestrial  and  apaca  envi¬ 
ronments,  with  emphasis  on  the  millimeter-wave,  infrared,  and  vieibla  portions 
of  the  spectrum;  design  and  fabrication  of  antennas,  complex  optical  ayateme 
and  photolithographic  solid-state  devices:  test  and  development  of  practical 
superconducting  detectors  and  laaar  devicaa  and  technology,  including  high- 
power  lasers,  atmospheric  pollution,  and  biomedical  problems. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  ofcarbon;  taet  and  evaluation  of  graphita 
and  csramics  in  reentry;  spacecraft  materials  and  components  in  radiation 
and  high -vacuum  environments;  application  of  fracture  mechanics  to  stress 
corrosion  and  fatigue- indue td  fractures  in  structural  metals;  effect  of  nature 
of  material  surfaces  on  lubrication,  photoaeneitiaation,  and  catalytic  reactions, 
and  development  of  prosthesis  devices. 


Plasma  Research  Laboratory;  Reentry  physics  and  nuclear  weapons 
effects;  the  Interaction  of  antennas  with  reentry  plasma  shnaths,  experimenta¬ 
tion  with  thermonuclear  plasmas;  the  generation  and  propagation  of  plasma 
wavas  in  the  magnetosphete;  chemical  reactions  of  vibrationally  excited 
species  in  rocket  plumes;  and  high-precision  laser  ranging. 

8pac>  Physics  Laboratory:  Aeroaomy;  density  and  composition  of  the 
atmosphere  it  all  altitudes;  atmospheric  reactions  and  atmospheric  optics; 
pollution  of  the  environment;  the  sun,  earth's  resources;  meteorological  mea¬ 
surements;  radiation  belts  and  coamic  rays,  end  the  effects  of  nuclear  explo- 
ticne,  magnetic  storms,  and  solar  radiation  on  the  atmosphere. 

THE  AEROSPACE  CORPORATION 
El  Segundo,  California 


a 


* 


UNCLASSIFIED 
Security  Clarification 


DOCUMENT  CONTROL  DATA  RAD 

(t+cmritf  tlttllHmUm  •/  rMto.  Mr  «/  me  MtiM|  mmotMm  gwl  6»  wwM  ■»*—  IP*  wwll  **»«*«  I*  rtwjtog 


»,  Oa'?M«TIN«  activity  fCwyMH  mtdm) 

The  Aerospace  Corporation 
El  Segundo,  California 


*.  REPORT  TITLE 


2*  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


22  CROUP 


EXPLOSIVE-DRIVEN  EMP  GENERATOR 


OIICRIRTIVI  NOTKf  fTyp*  ff  Nptrf  Mcni/vt 


AWTMORIU  fNftfiMM,  mimmm  tnitiml,  liifiiMw) 

Keith  M.  Soo  Hoo 


•  REPORT  DATE 

72  NOV  i  5 

7*  total  no.  op  pace* 

33 

76.  NO.  OJ  REF* 

6 

«•  CONTRACTOR  4RANTNO. 

I  Is  OKI  0  IN  A  TOM  *9  RERORT  NUMBCfttfJ 

F04701-72-C-0073 

6  PROJECT  NO. 

TR- 0073(3  542- 02)- 1 

C 

tb  OTHER  REPORT  no<S;  (Any  olhtr  niimbtr,  Ei*r  may  2#  aialtnaC 
Eli*  report) 

d 

SAMSO-TR-72-242 

10  CISTRIEUTlON  STATEMENT 


Approved  for  public  release;  distribution  unlimited 


II*  SPONSORING  MILITARY  ACTIVITY 

Space  and  Missile  Systems  Organization 
Air  Force  Systems  Command 
Los  Angeles,  California 


*The  feasibility  of  radiating  large  quantities  of  energy  from  a  satellite  is 
discussed.  A  system  comprised  of  an  explosive  generator  source,  switching 
and  matching  networks,  and  a  bent-dipole  antenna  is  theoretically  analyzed. 
The  calculations  indicate  that  an  electric  field  of  4000  V/m  can  be  produced 
at  a  distance  of  1  mile  from  the  source. 


DO  ruKW  1471 

ifACi'Ma  k  ■ 


UNCLASSIFIED 

''ccuritv  Classification 


UNCLASSIFIED 


Air  Force  Report  No 
S  AMSO-TR-72  -242 


Aerospace  Report  No 
TR- 0073(3542-02)-! 


EXPLOSIVE-DRIVEN  EMP  GENERATOR 


Prepared  by 

K.  M.  SooHoo 
Plasma  Research  Laboratory 

72  NOV  15 


Laboratory  Operations 
THE  AEROSPACE  CORPORATION 


Prepared  for 


SPACE  AND  MISSILE  SYSTEMS  ORGANIZATION 
AIR  FORCE  SYSTEMS  COMMAND 
LOS  ANGELES  AIR  FORCE  STATION 
Los  Angeles,  California 


Approved  for  public  release; 
distribution  unlimited 


* 


FOREWORD 
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14  August  1972  for  review  and  approval. 
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ABSTRACT 


The  feasibility  of  radiating  large  quantities  of  energy  from  a 

satellite  is  discussed.  A  system  comprised  of  an  explosive 

generator  source,  switching  pid  matching  networks,  and  a  bent- 

» 

dipole  antenna  is  theoretically  analyzed.  The  calculations 
indicate  that  an  electric  field  of  4000  V/m  can  be  produced  at 
a  distance  of  1  mile  from  the  source. 
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TECHNICAL  DESCRIPTION 


A.  INTRODUCTION 

This  study  is  concerned  primarily  with  the  feasibility  of  radiating 
large  quantities  of  electromagnetic  energy  from  an  orbiting  satellite.  It  is 
also  concerned  with  the  energy  source,  the  radiator  (antenna),  and  the  mecha¬ 
nism  for  coupling  one  to  the  other. 

In  the  beginning  it  was  necessary  to  bound  the  problem  by  the 
establishment  of  a  set  of  requirements.  It  was  assumed  that  the  complete 
system  may  not  weigh  more  than  500  lb,  that  it  should  produce  electric  fields 
of  at  least  a  few  thousand  volts  per  meter  at  a  distance  of  one  mile  from  the 
source,  and  that  the  radiated  signal  should  contain  frequency  components 
primarily  in  the  20  to  50  MHz  range.  Additional  assumptions  will  be  made 
when  warranted. 

First,  the  problem  of  selecting  a  power  supply  must  be  considered. 

If  it  is  assumed  that  the  antenna  has  unity  gain,  the  antenna  range  equation  can 

12 

be  used  to  find  that  approximately  10  W  of  radiated  power  are  required  to 
produce  an  electric  field  of  3000  V/m  at  a  distance  of  one  mile.  If  a  time 
duration  of  0.  1  p.sec  is  also  assumed,  which  corresponds  to  an  operating  time 
of  2  to  5  cycles,  then  the  required  radiated  energy  is  approximately  100  kj. 

From  weight  considerations  alone,  it  is  apparent  that  the  energy 
source  cannot  be  simply  a  capacitor  bank.  For  example,  it  is  reasonable  to 
assume  that  capacitive  energy  can  be  supplied  at  approximately  70  J/lb.  At 
this  rate,  a  realistic  system,  which  must  overcome  energy  lost  in  the  conver¬ 
sion  from  capacitive  to  electromagnetic  energy,  may  easily  exceed  the  500-lb 
weight  limit  many  times  over. 

In  contrast  to  this,  about  ten  times  the  requircu  energy  is  available 
in  just  1  lb  of  explosive.  Of  course,  to  suggest  the  use  of  explosives  is  tanta¬ 
mount  to  assuming  that  destruction  of  the  satellite  would  be  permissible  after 
the  required  electromagnetic  energy  has  been  released.  Methods  for  converting 


explosive  to  electromagnetic  energy  have  been  in  existence  for  several 
years.  These  devices  have  been  referred  to  as  "explosive-driven  flux 
compression  devices,  "  or  simply  as  "explosive  generators.  "  In  all  of  these 
devices,  a  capacitor  initially  supplies  a  small  amount  of  energy,  which  is  then 
amplified  by  the  explosive  generator.  Conversion  to  electromagnetic  energy  is 
obtained  by  the  compression  of  magnetic  flux  as  the  explosive  forcibly  reduces 
the  inductance  of  enclosing  circuits. 

Recently  an  explosive  generator  system  was  designed  for  an  upper 
atmospheric  physics  program.  The  power  supply  consisted  of  an  18  kj 
capacitor  bank  that  supplied  he  initial  energy  to  a  LASL  Mark  V  explosive 
generator,  which  in  turn  drove  a  second-stage  Sandia  169  explosive  generator. 
This  two-stage  system  weighed  less  than  500  lb  and  delivered  approximately 
350  kj  to  a  plasma  gun. 

The  purpose  of  the  foregoing  discussion  is  to  suggest  that  the 
technology  may  already  exist  with  which  the  required  system  can  be  designed. 

An  analysis  of  such  a  system  is  presented  in  the  paragraphs  that  follow. 

B.  EXPLOSIVE  GENERATOR 

Detailed  descriptions  oi  the  explosive  generator  are  contained  in 
the  references  given  previously.  The  discussion  here  will  involve  primarily 
those  details  that  will  be  used  in  later  calculations.  Also,  this  discussion  will 
be  confined  to  the  Sandia  Models  106  and  169,  for  which  considerable  information 
exists. 

The  operating  principle  of  either  generator  is  shown  in  Fig.  1.  As 
shown,  the  generator  consists  of  a  cylindrically  wound  spiral  concentric  with  an 
explosively  loaded  metal  armature.  An  external  capacitor  bank  establishes 
initial  current  in  the  winding  and  armature.  Following  this,  the  inductance  of 
the  generator  is  forcibly  reduced  by  explosively  expanding  the  armature,  with 
a  consequent  increase  in  current.  As  shown  in  Fig.  1,  the  explosive  is  detonated 
simultaneously  at  both  ends,  and  the  output  terminals  are  located  at  the  center  of 
the  helix.  In  this  manner,  over  6  MA  of  current  has  been  delivered  into  load 
inductances  up  to  70  nH  (Model  169). 
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Figure  1.  Operating  principle  of  the  Sandia  generator. 
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Some  of  the  data  on  the  Sandia  Model  1 06  taken  from  Ref.  1  are 
presented  in  Figs.  2  and  3.  Figure  2  shows  the  generator  inductance  and 
resistance  as  measured  from  crowbar  time  (t  =  0)  to  when  the  armature 
strikes  the  output  terminals.  Figure  5  shows  the  output  current  as  it  grows 
from  a  starting  current  of  0. 118  MA  at  crowbar  time  (17.5  psec  after  detona¬ 
tion)  to  a  peak  value  of  2. 6  MA.  The  calculated  current  was  based  on  a 
numerical  integration  of  the  circuit  equation  derived  from  the  equivalent 

circuit  shown  in  Fig.  4  (L  and  R  are  the  generator  inductance  and  resis  - 
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tance  of  Fig.  2  and  L^is  the  load  inductance).  It  can  be  seen  that  this  simple 
equivalent  circuit  provides  good  agreement  between  theory  and  measurement. 

Finally,  it  should  be  noted  that  the  initial  current  3hown  in  Fig.  3 
was  supplied  by  a  140  kj  capacitor  bank  charged  to  16  kV.  In  the  two-stage 
device  mentioned  previously,  the  initial  current,  which  was  supplied  by  the 
first  stage  explosive  generator,  had  a  slightly  lower  value  of  75,  000  A. 

C,  DIRECT  COUPLING  TO  A  DIPOLE 

Because  a  high -gain  antenna  would  not  be  practical  at  the  frequencies 
of  interest,  it  is  not  necessary  to  become  involved  with  the  standard  tradeoff 
between  a  high-gain  antenna  system  that  requires  a  pointing  mechanism  and  an 
omnidirectional  antenna  system  that  requires  more  power.  Instead,  a  linear 
dipole  will  be  considered  as  the  basic  antenna  structure,  as  it  is  both  simple 
in  design  and  simple  to  analyse.  The  dipole  does  have  two  null  directions  in 
its  radiation  pattern,  but  these  nulls  can  be  filled  by  bending  both  antenna  arms 
forward. 

A  logical  starting  point  is  to  investigate  what  happens  when  the 
antenna  is  directly  coupled  to  the  generator  output  terminals.  This  problem 
can  be  analyzed  by  the  use  of  equivalent  circuits.  The  antenna  is  represented 
by  an  equivalent  circuit  of  passive,  lumped  elements  chat  approximate  the 
antenna  input  impedance  over  a  specified  range  of  frequencies.  Solution  of  the 
equivalent  circuit  representing  both  generator  and  antenna  then  gives  the  time- 
dependent  current  at  the  antenna  terminals.  The  radiation  field  is  taken  as  the 


-4- 


TIME  ,/x.sec 

Figure  3.  Comparison  of  the  output  current  of  Sandia 
Model  106  generator  with  that  calculated 
by  the  computer  code. 
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field  from  an  infinitesimal  dipole  carrying  the  computed  input  current.  The 
maximum  electric  field  at  a  distance  r  from  the  source  is  therefore 


max 


-  J4©!*  di 
•  IT 


(1) 


w.here  is  the  magnetic  permeability,  h  is  the  antenna  total  length,  and  i  is 
the  input  current.  Retardation  effects  are  not  of  interest  in  the  present  prob¬ 
lem  and  are  therefore  excluded  from  Eq.  (1). 

The  method  just  described  can  be  improved  upon  by  a  more  rigorous 
solution  of  the  antenna  problem.  In  particular,  an  integro -differential  equation 
can  be  derived  for  the  unknown,  time -dependent  current  distribution  on  the 
antenna,  which  satisfies  the  boundary  conditions  on  the  antenna  and  accounts 
for  the  presence  of  a  driving  function  (die  generator  equivalent  circuit). 
Numerical  techniques  have  been  developed  for  solving  such  equations.  ' 

Both  the  near  and  far  fields  are  then  easily  found  by  integrating  over  the 
current  distribution. 

An  equivalent  circuit  with  a  series  RLC  representing  the  antenna  is 
shown  in  Fig.  5.  The  series  RIjC  circuit  is  a  reasonable  approximation  in  the 
vicinity  of  the  antenna  resonant  frequency.  The  unknown  current  satisfies  the 
following  differential  equation 


dt* 


(L  i)  + 
g 


.  o  i  .  a  # »  .  n  di  *  l 

L  +  “jr"  (Ri)  +  R ■r-  +  — •  i  = 

dt2  «  g  dt  c 


1 


(2) 


Equation  (2)  does  not  have  a  closed  form  solution.  Suppose,  however,  that  an 
interval  of  time  is  considered  in  which  the  generator  parameters  are  slowly 
varying.  The  following  assumptions  can  be  made* 
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V  *  Eg 

Vw  a  ci 

L"(t)*0 

Rg(t)  3  *7 


p> 


where  L  ,  L  ,  and  R  are  constants.  The  solution  to  Eq.  (2)  will  then  be  of 
8  8  8 
the  form 


i(t)  ~  e"**  cos(pt  +  0) 


(4) 


where 


2L  +  R  +  R 
oc-— « - 8 - 

2<lJ  +  L) 


(5) 


and 


P  3 


[C(Lg  +  L)]1^ 


(6) 


and  $  is  the  phase  factor.  For  oc  >  0,  Eq.  (4)  exemplifies  an  oscillating  current 
that  decays  with  time.  For  this  case,  the  generator  fails  to  provide  any  ampli¬ 
fication,  and  there  is  no  improvement  over  simply  discharging  the  capacitor  bank 
directly  into  the  antenna. 

Thus  oc  must  be  negative.  It  can  be  seen  from  Eq.  (5)  that  this  is 

possible,  as  L  ,  the  time  rate  of  change  of  L  ,  is  negative.  The  minimum 
S  8 

requirement  for  current  amplification  is  therefore 


2L 


>Rg  +  R 


(7) 
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From  Fig.  2  it  can  be  teen  that  it  in  the  vicinity  of  0.2  h/tec  (ohmt)  for 
the  Model  106  generator.  Thus  the  combined  network  retittance,  comprised 
of  the  antenna  radiation  retittance  and  lott  resistance  and  the  generator  lots 
resistance,  must  be  less  than  0.4  ohms. 

For  a  dipole  to  have  this  low  a  resistance,  it  must  be  operating  at 
frequencies  in  which  the  dipole  height  is  much  less  than  a  wavelength.  Equation 
(6)  shows  that  the  operating  fr  quency  (or  frequency  of  the  radiated  signal)  is 
the  frequency  at  which  the  generator  inductance  tunes  the  antenna.  Thus, 

Eq.  (6)  states  that  the  antenna  reactance  must  be  capacitive  at  the  frequency 
of  operation,  which  is  compatible  with  a  low  radiation  resistance. 

It  now  becomes  clear  how  this  system  must  operate.  The  generator 
drives  and  tunes  the  antenna  simultaneously.  The  operating  frequency  increases 
monotonically  with  time  because  the  generator  inductance  is  decreasing  mono- 
tonically  to  zero.  The  antenna  radiation  resistance  also  increases  monotonically 
because  the  antenna  is  growing  in  electrical  length.  When  the  radiation  resis¬ 
tance  exceeds  0.4  ohm,  the  current  begins  to  decay.  Therefore,  the  antenna 
should  be  designed  such  that  its  radiation  resistance  reaches  0.4  ohm  near  the 
end  of  the  operating  period  of  the  generator.  The  radiated  field  would  then  be 
an  oscillating  signal,  continually  growing  in  amplitude  and  increasing  in 
frequency  until  the  generator  ceases  to  operate. 

The  foregoing  arguments  cannot  be  supported  by  use  of  the  RLC 
equivalent  circuit  of  Fig.  5,  which  is  a  poor  equivalence  at  low  frequencies. 
Instead,  the  equivalent  circuit  of  Fig.  6  was  selected,  which,  as  illustrated, 
is  an  excellent  equivalence  to  a  4.  5 -in,  dipole  over  the  frequencies  of  interest. 
The  differential  equations  for  this  circuit  coupled  with  the  generator  circuit 
were  solved  numerically,  and  the  results  are  shown  in  Figs.  7  and  8.;  The 
Model  169  generator  has  an  initial  inductance  of  approximately  18  jxh  and  an 
operating  time  of  approximately  44  (xsec.  It  can  be  seen  that  the  Model  169 
generator  can  produce  a  4000  V/m  electric  field  at  a  distance  of  1.4  miles. 

It  is  concluded  that,  by  careful  design,  the  directly  coupled 
antenna  can  radiate  field  strengths  of  sufficiently  large  magnitudes.  The 
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INPUT  RESISTANCE, 


ACTUAL  DIPOLE  EQUIVALENT  CIRCUIT 


LENGTH/WAVELENGTH 


Figure  6.  Comparison  of  calculated  antenna  input 
impedance  using  numerical  method  and 
equivalent  circuit. 
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Figure  8.  Radiated  field  for  4.  5 -in.  dipole  coupled  directly 
to  Sandia  Model  169  generator. 


frequency  is  constantly  changing,  however,  so  that  the  energy  in  any  specified 
frequency  band  may  be  quite  small.  An  even  greater  concern  is  the  require  » 
ment  that  the  dipole  be  electrically  small.  Aside  from  the  usual  question  of 
efficiency,  it  is  highly  conceivable  that,  at  the  frequencies  of  interest,  the 
satellite  itself  can  become  a  radiator  of  sufficient  strength  to  cause  the  total 
radiation  resistance  to  exceed  0.4  ohm.  Therefore,  in  practice,  it  may  be  very 
difficult  to  design  a  directly  coupled  antenna  to  have  the  required  low  radiation 
resistance,  and  an  investigation  of  alternative  methods  of  coupling  appears 
warranted. 

D.  COUPLING  THROUGH  SWITCHES 

As  discussed  in  Section  C,  when  the  explosive  generator  is 
coupled  to  loads  with  appreciable  resistance,  attenuation  rather  than  amplifi¬ 
cation  of  current  is  produced.  In  order  to  avoid  this  very  stringent  condition 
on  the  antenna,  an  alternative  is  suggested.  Consider  the  circuit  of  Fig.  9a. 

The  primary  circuit  consists  of  the  generator  and  \  low  inductance  load  Lj. 

The  dielectric  switch  remains  open  as  the  current  in  the  primary  circuit  is 
allowed  tc  reach  its  peak  value  (6.6  MA  for  Model  169).  The  fuse  is  a  wire 
so  designed  that  it  explodes  (bursts)  at  or  near  peak  current.  Just  prior  to 
bursting,  the  resistance  of  the  fuse  wire  increases  drastically  (by  about  a 
factor  of  100)  in  approximately  1  psec.  The  dielectric  switch  is  adjusted  so 
that  the  voltage  spike  produced  by  the  exploding  wire  fuse  causes  the  switch  to 
break  down  (close). 

This  concept  has  been  used  successfully  to  reduce  the  material 
risetime  of  explosive  generators.  *  For  these  cases,  it  was  shown  that,  for  a 
low  inductance  secondary  load,  a  considerable  amount  of  the  primary  current 
flowing  at  burst  time  can  be  transferred  into  the  secondary  circuit.  The 
amount  of  current  that  can  be  transferred  when  the  secondary  load  is  an 
antenna  must  now  be  determined. 

Equivalent  circuits  will  once  again  be  used  to  describe  the  system. 
A  circuit  representation  is  shown  in  Fig.  9b  immediately  after  the  switch  has 
closed.  The  generator  inductance  L  and  the  fuse  wire  resistance  and  inductance 
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R  and  L  ,  respectively,  will  be  assumed  to  be  constant  over  the  time  scales 
w  w 

of  interest.  The  time  t  is  measured  after  switch  closure,  and  the  initial  con¬ 
ditions  are  i^(o)  =  Ijq  and  ^(o)  =  where  *10  is  the  peak  current  generated  in 
the  primary  circuit.  As  a  result  of  the  assumption  of  constant  circuit  parame¬ 
ters,  the  system  differential  equations  become  amenable  to  solution  by  Laplace 
transformation.  The  transformed  equations  are 

[s(Lg  +  L,  +  L*)  +  I,(s)  -  <51^  +RW)  I2(s)  =  (Lg  +  Lj  +  1^,)  I,0  (8) 

-<«LJ  +  Rw>  !,<•>  +  [»LW  +  Rw  +  2(»)]  I2(»)  =  -Vl0  <9> 

where 

00 

'l.zO*  /  <‘°> 

aJ 

and  Z(s)  is  the  equivalent  antenna  impedance  in  Laplace  transform  notation. 

Because  all  of  the  inductances  in  the  primary  circuit,  including  L  ,  are  now 

8 

small,  it  would  be  expected  that  the  system  is  resonate  at  approximately  the 
resonant  frequency  of  the  antenna.  Therefore,  it  might  be  suspected  that  only 
a  small  portion  of  the  primary  current  can  be  transferred  to  the  secondary 
circuit,  as  the  fuse  wire  resistance  will  be  much  smaller  than  the  radiation 
resistance  of  the  antenna.  (The  fuse  wire  resistance  must  be  limited  to  at 
most  one  or  two  hundredths  of  an  ohm  prior  to  burst  time,  because  high 
voltages  tend  to  cause  internal  breakdown  in  the  generator.  )  Some  early  cal¬ 
culations  showed  that  this  was  indeed  the  case,  and  it  was  concluded  that,  for 
this  system  to  work,  the  antenna  must  be  "better  matched"  to  the  primary 
circuit. 

This  problem  is  investigated  by  first  casting  the  equivalent  circuit 
into  another  form.  A  circuit  driven  by  two  impulse  voltage  generators  is 
shown  in  Fig.  10a.  This  circuit  may  also  represent  the  system  shown  in 
Fig.  9b,  as  its  circuit  equations  are  also  Eqs.  (8)  and  (9),  provided  that  the 
initial  conditions  are  changed  to  ij(o)  =  ^(o)  =  0. 
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Next,  Thevenin's  theorem  is  used  to  convert  this  circuit  to  the 
form  shown  in  Fig.  10b,  It  can  be  seen  that  the  original  primary  circuit  (with 
an  initial  current  of  I^q)  has  been  reduced  to  a  single  voltage  source  in  series 
with  an  impedance  (and  no  initial  current).  The  series  impedance  can  be 
viewed  as  a  source  impedance.  The  voltage  source  is  now  an  exponential 
function.,  but  its  time  constant  is  sufficiently  large  such  that  appreciable 
voltage  is  available  at  the  frequencies  of  interest. 

The  problem  has  been  reduced  to  the  standard  problem  of  matching 
a  source  impedance  to  a  load  (antenna)  impedance.  A  variety  of  four -terminal 
networks  can  be  synthesized  that  will  produce  perfect  matching  at  a  single 
frequency.  An  L  network  comprised  of  two  capacitors  has  been  designed,  but 
this  network  had  not  yet  been  inserted  into  the  equivalent  circuit  at  the  time 
this  report  was  written. 

An  impedance  transformer,  such  as  the  one  presented  in  Fig.  11, 

gives  partial  matching.  It  can  be  shown  that,  for  an  ideal  transformer  of  turns 

2 

ratio  1  :  N,  maximum  current  is  transferred  to  the  antenna  if  N  =  |Z/Zs|, 
where  Z  and  Z  are  the  antenna  and  source  impedances,  respectively.  Trans- 
former  matching  was  considered  first,  because  the  circuit  equations  can  easily 
be  modified  to  accommodate  an  ideal  transformer. 

Some  computed  results  are  shown  in  Fig.  12.  The  antenna  was 
assumed  to  be  a  200 -in.  dipole  whose  arms  are  bent  forward  to  make  an  in¬ 
cluded  angle  of  40  deg.  For  this  case,  the  optimum  transformer  turns  ratio 
was  1  :  8.4.  The  computed  waveform  in  the  absence  of  a  transformer  is  shown 
to  illustrate  the  improvement  due  to  matching.  Also,  it  can  be  seen  that  the 
source  impedance  referred  to  the  secondary  now  has  enough  inductance  to  tune 
the  antenna  such  that  the  frequency  of  oscillation  is  23  MHz,  or  8  MHz  lower 
than  the  first  resonant  frequency  of  the  antenna. 

The  antenna  impedance  was  approximated  by  an  RLC  series  circuit 
that  best  fits  the  actual  input  impedance  near  23  MHz.  The  fuse  wire  resistance 
and  inductance  were  assumed  to  be  2  ohms  and  40  nh,  respectively.  (As  stated 
earlier,  Rw  may  not  exceed  0.02  ohm  before  bursting.  )  The  series  combination 
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(L9+LI+Lw)II08('> 

a.  Two-impulse  generator  circuit  [6{t)  =  delta  function]. 


l9  l, 


Ll+L9 


L|  +  Lg  +  L 


Rw  I,0  exp 


L|  +  Lg  +  Lw  / 


b.  Two-impulse  generator  circuit  transformed  by 
Thevenin’s  theorem. 

Figure  10.  Alternate  schematic  representation  and  equivalent 
circuit  of  explosive  generator,  antenna,  and 
coupling  circuit. 
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Figure  il.  Equivalent  circuit  of  generator,  antenna,  and 
switching  circuit  with  impedance  transformer 
coupling. 
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Figure  12.  Radiation  field  v'aveform  for  200-in.  bent  dipole. 


of  generator  inductance  and  primary  load  inductance  (L  +  L. )  was  also  assumed 
to  be  40  nh.  For  expediency,  the  circuit  equations  were  integrated  numerically. 
The  numerical  method  is  capable  of  accounting  for  the  transient  behavior  of  all 
of  the  circuit  parameters,  including  the  fuse  wire  and  the  switch,  but  there  is 
insufficient  data  on  these  two  devices  at  the  present  time.  Also,  as  stated 
earlier,  the  transient  current  distribution  on  the  antenna  cannot  be  computed 
with  the  present  theoretical  model.  Thus,  transient  behavior  is  an  unsolved 
problem,  and,  for  this  reason,  the  first  half  cycle  of  both  waveforms  of  Fig.  12 
is  shown  dotted.  The  second  half  cycle,  however,  shows  a  peak  electric  field  of 
4, 100  V/m  at  a  distance  of  one  mile. 

Computed  waveforms  for  a  100-in.  dipole,  which  is  also  bent  to 
40  deg,  is  shown  in  Fig.  13.  For  this  case,  the  optimum  transformer  turns 
ratio  was  1  : 6 . 3 .  The  natural  frequency  of  oscillation  is  45  MHz.  It  can  be 
seen  that  the  electric  fields  are  slightly  lower  than  for  the  200-in.  dipole,  and 
a  peak  electric  field  of  3,  100  V/m  at  a  distance  of  one  mile  is  achieved. 

e.  DisqygsiQN 

Calculations  have  shown  that  an  antenna  system  weighing  less  than 
500  lb  can  be  designed  to  produce  electric  field  strengths  of  several  thousand 
V/m  at  a  distance  of  one  mile.  The  power  supply  will  be  a  two -stage  explosive 
generator  device  similar  to  the  one  used  on  Project  Birdseed.  Energy  will 
first  be  delivered  to  a  low  inductance  load  before  it  switched  into  an  antenna 
preceded  by  a  matching  network. 

Throughout  the  analysis,  in  addition  to  carefully  defining  the 
assumptions  made  in  the  analysis,  an  attempt  was  made  to  point  out  where 
data  are  lacking  and  where  improvements  in  the  theoretical  model  are  needed. 
Work  in  these  areas  is  being  continued. 
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Figure  13.  Radiation  field  waveform  for  100-in.  bent  dipole. 
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